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INTRODUCTION
Circular dichroism is an analytical technique
increasingly used to study both the absolute conformation of
biological macromolecules and conformational changes induced
upon their interaction with cellular constituents. It is a
technique useful in detecting changes in the periodic arrange¬
ment of amino acid residues, changes in the local environment
of those residues, and changes at certain specific sites sub¬
sequent to a particular interaction. We have written a com¬
puter program to analyze the circular dichroism of a protein
in terms of its secondary structure and have applied this
technique to the enzyme, chicken liver fructose 1,6-diphospha¬
tase.
The protein selected for a conformational study is
fructose 1,6-diphosphatase. This enzyme catalyzes the conver¬
sion of fructose 1,6-diphosphate to fructose 6-phosphate. This
catalysis is an important step in gluconeogenesis, as it occurs
in the liver. Gluconeogenesis begins with the conversion of
pyruvate to oxaloacetate. Oxaloacetate is converted to fruc¬
tose 1,6-diphosphatase. The fructose 6-phosphate resulting
from the catalytic action of fructose 1,6-diphosphatase is
converted via glucose 6-phosphate to glucose which can diffuse
out of the liver into the bilood.
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THEORY
The theoretical basis for circular dichroism derives from
the ability of some molecules to preferentially absorb left
and right circularly polarized light, i.e., to be optically
active. Two conditions are necessary for optical activity.
Structurally, a molecule must exist in non-superimposabie
mirror image forms (enantiomorphs). Additionally, there must
be a mechanism which permits the interaction of polarized
light with a molecule to produce the preferential absorption.
Kauzman (1) has made a rigorous analysis of these two factors
and their relation to optical activity.
Implicit in the existence of optical activity is the
presence of an as3hnmetric electronic environment about a
carbon atom. In biological macromolecules the asymmetry may
be induced in small bound molecules which are symmetric in the
unbound state. This induced asymmetry is the basis for the
study ot macromolecular binding sites.
Circular dichroism (CD) and optical rotary dispersion
(ORD), (the rotation of plane polarized light by an optically
active substance), are both manifestations of the interaction
of polarized light with optically active molecules. Plane
polarized light can be resolved into two components of left
and right circularly polarized light. If the optically active
medixim through which the light passes has slightly different
indices of refraction for the left and right components.
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rotation results. The sense of the rotation is positive if
the plane is rotated clockwise when viewed by an observer into
whose eyes the light enters.
Theoretical derivations by Moffitt and Moscowitz (2), and
others, have shown that circular dichroism and optical rotary
dispersion are derived from the same basic phenomenon and can
be mathematically related and a spectrum from one can be trans¬
formed into a spectrxim for the other. Each has certain advan¬
tages to its use not found in the other method. Circular
dichroism is absorption dependent and observable only in the
wavelength regions where absorption occurs. Optical rotary
dispersion is dispersion related and occurs in wavelength
regions near to, and far from as well, the wavelength at which
electronic transitions occur. It is therefore possible to
assign the wavelength and sign of a circular dichroism band
with more certainty than is possible with optical rotary
dispersion. Because of its characteristic 'tailing* away from
a wavelength of electronic excitation, optical rotary dispersion
is useful in deriving information about optically active
chromophoric transitions not normally accessible to instru¬
mental analysis.
The characteristic 'Cotton effect' of optical rotary
dispersion contains two extrema and an inflection point. At
the next absorption band this spectrtmi is repeated with the
attendant tails observed. Thus in a spectrxjm of an optically
active chromophore several 'Cotton effects' may occur, each
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set upon a background provided by the tails of other tran¬
sitions. The other transitions may be positive or negative
making it difficult to assign the sign and strength of specific
transitions.
The positive ellipticity band of a circular dichroism
spectrxam has its maxirntma at the same wavelength as is the ab¬
sorption maximxjm. The background for an ellipticity band is
then usually near zero.
Light, or any electromagnetic radiation, is composed of
sinusoidally oscillating electric and magnetic fields. In
plane polarized light these fields are confined to planes
pexrpendicular to one another. When light strikes a molecule,
its electrons are displaced from their mperturbed ground
state configuration. If the light is of the proper frequency,
an electron will be promoted to a higher energy level. The
increased kinetic energy of the electron results from light
absorption. In order for a Cotton effect, or a circular
dichroic band, to be observed the displaced electronic charge
must have a circular component in addition to a linear
component in the direction of the applied field. Assuming the
electron can move along a helical path, the electric field of
the light induces an oscillating dipole on the helical path.
The result is a magnetic moment in the direction of the
electric field of the light and a perpendicular electric
moment.
Rotational strength, is here defined as the integrated
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intensity beneath a single band of CD spectra. It measures
the interaction of a chromopore, K, with its dissymmetric
environment. It may also be used as a measure or the asym¬
metry induced in the electronic distribution within the chromo-
phore itself.
R[^ “ /Ae/A dA i(l)
where Ae=ey-eY, the difference in the extinction coefficient
for left and right circularly polarized light, and A represents
wavelength. CD and ORD spectra are represented by a rotational
strength, term which is the sum of a series of transitions.
Optical activity is characterized by the rotational strength of a
particular electronic transition.
The relation of the magnetic moment 4^' electric
moment pe to rotational strength is given by the Rosenfield
equation
\ = ^CUe-Um). (2)
This equation states that the rotational strength of the Kth
transition is the imaginary portion of the dot product of the
electric and magnetic transition dipoles. An electric field in
the direction of the helix axis moves the electron in a direc¬
tion perpendicular and parallel to the direction of the field.
The electron cannot undergo linear displacement without
simultaneously experiencing rotational, i.e. helical, displace¬
ment. This rotational displacement produces the induced
magnetic moment. Absorption intensity is therefore dependent
only upon the electric dipole transition moment, while the
intensity of circular dichroism is dependent upon both the
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electric and magnetic dipole transition moments. These results
explain the existence of non-optically active absorption bands and
optically active absorption bands.
As described, the magnetically allowed and electrically
allowed transitions are mutually exclusive. The Rosenfield
equation requires the existence of simultaneously nonzero values
for both yjjj and Ug. This exclusiveness does not hold under
suitable conditions of asymmetry. Asymmetry is thus a charac¬
teristic of optically active chromophores.
Other important qualitative results are implied in the
previous discussion. A very weak absorption band may exhibit
intense optical activity. The absorption band may be weakly
allowed or symmetry forbidden, thus, invisible or barely visible
in the absorption spectrum, yet have a large associated optical
activity. The sense of electronic displacement determines
vdiether the observed Cotton effect or ellipticity band is posi¬
tive or negative. Kauzman Cl) and Moscowitz (2) have shown that
a chromophoric electron moving in a right-handed helical path on
excitation should generate a positive Cotton effect and a
positive ellipticity band.
Under different conditions, different absoirption bands are
optically active. This occurs because the chromophoric groups
which generate the absorption bands are often not bonded directly
to the asymmetric carbon. Therefore, although the spectral
absorption band may change only slightly when a protein's
structure is altered from an ordered to an imordered state, the
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associated optical activity may be severely reduced or
eliminated entirely.
Experimentally, light from a xenon arc lamp source is
passed through a Czemy-Tumer quartz prism monochromator,
then linearly polarized by passage through a Rochon polarizing
prism. After leaving the Rochon prism the linearly polarized
light is passed through a Pockels cell supplied with an
alternating voltage so that the output of the Pockels cell is
alternately left and right circularly polarized light. Passage
of the circularly polarized light through an optically active
sample results in the unequal absorbance of the left and right
circularly polarized components so that emergent light is
elliptically polarized. The angle of ellipticity is measured
in degrees.
The angle of rotation of the emergent light is given by
the angle between the indident linearly polarized light and
the major axis of the emergent elliptically polarized light.
Additionally, the ratio of the minor axis of the ellipse to
the major one measures the tangent of the angle of ellipticity.
Since the major axis, b, and the minor axis, a, of the
ellipse are the sxim and difference, respectively, of the
amplitudes, P, of both circular components upon emerging from
the optically active sample, the tangent of the angle of
ellipticity,'i', corresponds to
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tan Y = C3)
The amplitudes P are related to the absorption indices, K,
by
P = Pq exp C-C2Trk)/X) C4)
where X is the wavelength of incident light.
Since the angle of ellipticity 'P and the difference between
the absorption coefficients for the left and right circularly
polarized light (K^^-Kj.) are small, a quantitative treatment
shows that equations 3 and 4 give, in good approximation,
¥ = w/X CK^-Kj.) (5)
where f is measured in radians per \mit length and X is the
wavelength of incident light.
In equation 5, the molar extinction coefficients ej, and
&y may be substituted for the absorption coefficients and
using for the conversion
K ^ 2.303-C-e (6)
where C is the concentration of absorbing substance in moles
per liter.
The specific ellipticity (¥) is defined by
(Y) = -F/ (L-C) (7)
where 'F is measured in degrees, L is the path length in deci¬
meters, and C is the concentration in grams per cubic centimeter
of solution.
Similarly, the molar ellipticity (0) is defined by (4)
(0) = M.('F)/(100) = 2.303(4500/(Tr))
= 3300(e^-Ey). (8)
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Since the differential dichroic absorption Ex-Cy is also
given as Ae, the equation, (8), may be written ass
e = 3300-Ae.
Chromophores contributing to the CD spectra of proteins
include prosthetic groups, disulfide bridges, the side chains
of the aromatic amino acids of tryptophan and phenylalanine,
aliphatic side chains and peptide bonds. Those chromophores
which have asymmetric centers, i.e. lack a center of inversion
or a plane of symmetry, are inherently optically active.
Chromophores which are inherently optically inactive may have
optical activity induced through interaction with an asymmetric
environment.
The circular dichroic study of prosthetic groups is re¬
stricted largely to heme type proteins containing conjugated
double bonds. Asymmetry is often not inherent in these tjrpes
of groups so that spectral bands, when observed, result from en^
vironmentally induced asymmetry. Spectral bands resulting from
the prosthetic group, as distinct from those of the apoprotein,
appear in the near ultraviolet region (>240 nm) and are of low
intensity.
Extensive circular dichroic studies of disulfide contain¬
ing synthetic polypeptides and proteins have been conducted by
Beychok (4,5), Timasheff (6), and Coleman (7). Beychok (4)
observes that transitions at wavelengths greater than 245 nm
are only weakly allowed (electrically) in cystine containing
peptides. Strongly allowed aromatic transitions frequently
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mask those of disulfides in this region making them more diffi¬
cult to discern.
Because of restricted rotation about the -S-S- bond,
dialkyl disulfides are inherently optically active, (6), with
transitions localized at the -S-S- bond. The disulfide bond
then connects two nonsuperimposable mirror image rotamers, each
having a distinct screw sense. Nearby asymmetric centers inter¬
act with the chromophore and thus affect the magnitude of the
optical activity, However, the sign of tke rotation and
ellipticity is determined by the screw sense.
Coleman (7) reports that the presence of intramolecular
disulfide bonds in proteins leads to the formation of loops in
the peptide backbone. Beychok C4) observes that whether a
particular disulfide bond adopts one screw sense or another de¬
pends on the size of the loop, the steric requirements and
electrostatic interactions. Interactions producing opposite
rotatory sense among different disulfides may lead to a net
cancellation of optical activity.
Beychok (4) reports a CD band at 250 nm for the cystine
disulfide bond. The dihedral bond angle is thought to be 90
degrees. He notes, however, that a reduction in the dihedral
dialkyl disulfide angle produces a shift in the CD band to
longer wavelengths.
In contrast to the results obtained by Beychok and Coleman,
Yang (8) reports a very weak negative CD band at 250 nm and a
strong positive one at 222-224 nm for cystine at pH 1.0. His
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results suggest a significantly increased dihedral angle.
Optical activity in the region of 260’‘3Q0 nm in^lies the
absence of symmetry in one or more aide chain chromophores (4) .
The appearance of side chain Cotton effects, and by extension
CD effects, in this region is evidence of restricted rotation
about the bonds connecting the chromophoric group to the
asymmetric alpha carbon in native proteins. Information about
the tertiary structure of proteins and alterations in that
structure resulting from various interactions can be gained
through identification of specific chromophores (4,6). Ex¬
cluding disulfides, rotational bands in this region arise prin¬
cipally from the aromatic residues, tyrosine, tryptophan and
phenylalanine (6).
Timasheff (6) observes that the CD spectra of side chain
interactions are usually complex and suggests several factors
contributing to this complexity; (1) ^e nature of the peptide
secondary structure to which the side chain is attached, (2) the
polarity and symmetry of the side chain environment, (3) the
exact conformation of the side chain, (4) the proximity of
groups for possible electrostatic interactions, and (5) the
ionization of the side chain residue.
Fasman and coworkers (9,10) have prepared both random and
helical forms of poly-L-tyrosine and analyzed the resultant
circular dichroic spectra. The helical peptide exhibits three
ellipticity bands at 270, 248, and 224 nm. The large negative
band at 224 nm, results from the n-»-7r* peptide transition
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characteristic of helical polypeptides. Its sign indicates that
poly-L-tyrosine exists as a right-handed helix (11,12).
The negative ellipticity band at 224 nm and the small
positive band at 2/0 nm are absent in the random polymer (10).
Overlapping positive bands at 225 and 245 nm, thought to be side
chain tyrosine bands, are instead observed.
Timasheff (12) observed the CD of B-lactoglobulin A and
reports three principal negative bands which he assigns to a
non-random arrangement of tryptophan residues. The bands occur
at 293, 285, and 280 nm with ellipticities of -80 to -40 degree
cm2 decimole"^. To determine that these bands were not caused
by tyrosine, he reacts 3-lactoglobulin with acetylimidazole to
block all the tyrosine residues. The resulting spectrxma was
virtually tanchanged, suggesting that the observed bands are
indeed caused by tryptophan, and not tyrosine.
Stevens (12) notes that in three dimensional protein
structure, random conformation does not imply free thermal mo¬
tion. Constraints on the motion of chains are imposed by side
chain interactions and disulfide bridges. Poly-L-tryptophan
films were cast from dimethylformamide solutions to artificially
impose the constraints thought to exist in a protein solution.
The resulting CD spectrum exhibits three positive bands at 296,
288 and 269 nm. Below 250 nm, the CD spectrum has a large nega¬
tive band at 232 nm, a negative minimiim at 205 nm and a small
positive extrem\3m at 188 nm. The spectra in the far ultraviolet
region is thought to represent intense alpha helical bands
superimposed on strong aromatic bands.
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Edellioch. (13), Meyer (1^)» and Strickland (15) focus their
attention on the inherent difficulty of interpreting the fine
structure resulting from the weak aromatic transitions of L-
tr37ptophan. Though their methods differ -Edelhoch uses solvent
effects, Meyer uses instrumental signal averaging, and Strick¬
land uses low temperatures - their results are essentially
comparable to those of Stevens (12) and Timasheff (11).
Strickland (16) , in examining the CD spectrxam of horse¬
radish peroxidase,observes five bands at 268, 264, 262, 258, and
252 nm which he associates with phenylalanine residues. Though
phenylalanine is inherently dissymmetric, these bands occur as
fine structure. This is as expected since the conformation de¬
pendent circular dichroism is usually much larger than the
intrinsic circular dichroism of amino acid residues. Though
noting the presence and position of the vibrational fine struc¬
ture, Strickland relies heavily upon the CD bands at 262 and 268
nm to identify phenylalanine.
Horowitz (17) uses low sample temperatures to resolve the
near ultraviolet fine structure of phenylalanine. His resolved
spectra exhibit the characteristic phenylalanyl absorption bands
at 264 and 258 nm. He determines that the band positions are
independent of both solvent and structure. However, the band
signs vary, reversing as a fxmction of aggregation and conforma¬
tion. By assuming a local symmetry of C2V for the benzyl
chromophore, Horowitz uses group theory (17) to explain and pre¬
dict phenylalanyl fine structure.
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Carver (18,19) has conducted a systematic analysis of the
factors involved in the interpretation of protein CD and ORD
spectra. After an examination of various methods of conforma¬
tional analysis, including single wavelength comparisons, par¬
tial curve fitting, and complete curve fitting, it was concluded
that complete curve fitting is the preferred method for analyzing
and interpreting protein optical rotation spectra.
Fasman (20) generated CD reference curves for the alpha
helix, beta pleated sheet, and random coil conformations using
the model polypeptide poly-L-lysine. CD spectra of proteins
whose conformations are known from x-ray diffraction studies
were fitted with a linear combination of the curves representing
the three model polypeptide conformational states. Several
assumptions were made. (1) The circular dichroism of "infinite"
poly-L-lysine (a homopolymer) is a good approximation of the
circular dichroism spectra of short segments of a protein com¬
posed of different amino acids in the alpha helical or beta form,
(2) The random coil form of poly-L-lysine is a reasonable model
for irregular sections of a protein. (3) Since the circular
dichroism spectra of the three reference structures are very
sensitive to side chain and solvent effects below 208 nm, the
208-240 region is the best region to study. (4) Chromophores,
other than amides, have minimal effect in this region. Fasman's
results show that for those proteins for which the calculated
curves give a poor fit to the experimental ones, the calculated
percentages of each confoirmation present are no more inaccurate
15
than, those given by any other method. Where the fit is good,
the linear curve fitting method equals or surpasses others,
A similar linear curve-fitting has been applied to ORD
data (21). Timasheff C22) notes that these three reference
curves encompass most of the types of ORD spectra that have
been reported for proteins,
Chen (23) observes that the use of the model polypeptide
poly-L-lysine in determining the reference values for the
curve fitting method of conformational analysis introduces a
certain amount of error into all subsequent interpretations.
Synthetic polypeptides can form long chain helix and beta
forms and extended, flexible coils. X-ray diffraction has
shown that globular proteins contain only short helical and
beta segments and the random portions of the protein are rigid
and compact. Chen, therefore^uses five proteins whose struc¬
tures are known from x-ray diffraction studies to determine
reference values for the three conformational curves of the
curve-fitting method of analysis.
EXPERIMENTAL
A. Materials
Purified fructose 1,6-diphosphatase, molecular weight
130,000, from chick and turkey liver was provided by Dr. Joe
Johnson and Dr. Peter Han of Atlanta University. A 5mM aqueous
solution of adenosine 5’-monophosphate and fructose 1,6-
diphosphatase powder was provided by Dr. Peter Han. Circular
dichroism samples were prepared by dissolving the proteins in
75mM tris-HClhydroxymethylaminomethane (Tris-HCl). Protein
concentrations were determined by ultraviolet absorption
spectrophotometry, using matched HELLMA SUPRASIL quartz cells.
Spectrophotometric absorption measurements were made using a
COLEMAN Model 124 double beam grating spectrophotometer. This
instrument was calibrated with a Neodymixim glass standard having
an optical density of 1.0 at 585nm. Additional absorption
measurements were made using a CARY Model 17 recording spectro¬
photometer.
Circular dichroism spectra were recorded with a DURRUM-
JASCO Model SS-20 spectropolarimeter. This instrument was
calibrated with both a l.OOmg/ml aqueous solution of d-10-
camphorsulphonic acid using Ae“2.20 M”lcm“l, and a Neodymitim
glass standard whose Xmax=586mu. CD data were expressed as mean
residue ellipticity, (9). This instrument was continually




Enzyme sample concentrations varied from lxlO“^mg/ml to
l.lmg/ml. Sample solutions were analyzed in rectangular HELLMA
SUPRASIL quartz cells with 5.0, 1.0, 0.5, and 0.1 cm optical
paths for constant temperature measurements. Variable tempera¬
ture measurements were made using 1.0 cm optical path, DURRUM
quartz variable temperature cells. The temperature of samples
in the DURRUM cell was varied using a water bath and a BRINKMANN
LAUDA K-2/R refrigeration device. Water passed through approxi¬
mately 150 cm of Tygon tubing before entering the variable
temperature cell. Its temperature varied approximately * 0.2°C
over this length at 42°C and ± 0.1°C over this length at 22^0.
Experimental data were analyzed by the least squares method
using a program, optimistically named MAGIC, written for an IBM
1130 computer of the Atlanta University Center Department of
Computer Science. This program calculates theoretical circular
dichroism curves corresponding to all combinations of integral
percentages of beta sheet structure, random coil conformation,
and selected values of the percentage alpha helix conformation
for a protein. The sum of the squares of the deviations, at
integral wavelengths of each theoretical circular dichroism
curve, from the single experimental curve, is then calculated.
These values are then intercompared among all theoretical curves
generated. The theoretical curve whose sum of the squares of
its deviations is a minimtim is then selected as the curve giving
a best fit to the experimental curve. The percentages of each
type of conformation present in generating this 'best' curve is
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interpreted as most nearly representing the actual conformation
of the protein producing the experimental circular dichroism
curve,
B. Method of Analysis
Fasman (20) and Chen (23) have shown that the optical
activity of a protein can be expressed as
= Vh t
where Fj^ t Fj^ t Fj. = 1, and all values of F are greater than or
equal to zero. For CD spectra X is the molar ellipticity, (0).
The X|3, and Xj. are the values which would be obtained if
the protein were composed of pure segments of alpha helix (h),
beta-sheet structure (b), and random coil form (r), The F's are
the fractions of the alpha helix, beta, and iinordered form in a
protein molecule. The helices are all assumed to be right-
handed, the collagen type of helix is excluded and no distinc¬
tion is made between beta (I) and beta (II) structures.
Computations were made over a wavelength range of 208 nm
to 250 nm. The reference data of Chen (23) was plotted and
additional values read from those graphs to provide additional
points in the 208 to 250 nm range (see Table 1).
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Table 1. CD Reference Data of Helix, Beta, and Random
Form Based on Five Proteins
(nm) Xh Xb Xr
190 71,500 -6,940 -5,080
193 76,600 3,480 -12,700
196 67,400 1,260 -14,700
199 36,400 -1,260 -9,480
201 15,200 -10 -11,500
204 -10,900 -6,100 -7,090
207 -24,300 -8,280 -5,590
210 -28,300 -10,444 -4,210
213 -26,400 -9,680 -3,500
216 -28,100 -9,320 -2,480
219 -30,500 -6,850 -2,350
222 -31,500 -2,670 -2,780
225 -30,000 2,000 -3,380
228 -25,000 4,130 -3,120
231 -17,000 3,920 -2,470
234 -11,300 3,740 -1,510
237 -6,100 2,830 -1,160
240 2,830 3,450 -1,260
243 -1,110 2,000 -900
RESULTS
A. The Effect of pH and Temperature on the Conformation of
Fructose 1,6-Diphosphatase
In Table 2 are reported the computed conformational
changes of fructose 1,6-diphosphatase over a pH range of 6.0
to 8.5 in 0.5 \init increments. Three measurements at 22°,
32°, and 42°C were recorded at each pH value.
In the pH region 6.5 to 8.0, the conformation of fructose
1,6-diphosphatase is largely independent of temperature, within
the range of temperatures examined. At pH 6.0 and 8.5, however,
there are significant variations with temperature in the amount
of beta structure present in the enzyme. An increase in
temperature converts the enzyme from beta structure to random
coil conformation at pH 6.0. At pH 8.5 the reverse situation
is observed. An increase in temperature converts the enzyme
from the random coil conformation to beta structure. The per¬
centage of alpha helical conformation is largely ttnchanged as
a fxinction of temperature at pH 6.0 and 8.5.
The conformation of fructose 1,6-diphosphatase is very pH
dependent. Conformational changes are abrupt and large over
the pH range studied. The percent alpha helix present in the
enzyme decreases from approximately 50% at pH 6.0 to an
apparent minimxmi of 26% at pH 6.5. There is a gradual increase
in the percent alpha helix from approximately 29% at pH 7.0 to
a maximum of approximately 92% at pH 8.0. An abrupt decrease
follows so that at pH 8.5 only approximately 32% alpha helix
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Table 2. Conformational Changes in Fructose
1,6-Diphosphatase as a Function of pH and Temperature
pH Temp % Alpha % Beta % Random
6.0 22 51 47 1
6.0 32 49 45 6
6.0 42 55 21 24
6.5 22 27 36 37
6.5 32 26 34 40
6.5 42 24 36 40
7.0 22 29 43 28
7.0 32 31 38 31
7.0 42 26 43 31
7.5 22 59 46 -5
7.5 32 59 46 -5
7.5 42 59 46 -5
8.0 22 93 8 -1
8.0 32 93 0 7
8.0 42 93 8 -1
8.5 22 35 13 52
8.5 32 31 23 46
8,5 42 31 28 41
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is present.
With a single exception, the percent beta sheet structure
present in fructose 1,6-diphosphatase varies in a manner similar
to that of the percent of alpha helix. There is a decrease in
the percent beta structure from an apparent maximvim at pH 6.0
to a significantly smaller percent at pH 6.5. An increase in
the pH to 7.0 and 7.5 restores the percent beta sheet structure
to the amount present at pH 6.0.
The obvious difference in the percent beta structure pre¬
sent and the percent alpha helix present occurs at pH 8.0.
The percent alpha helix present becomes very large, i.e. greater
than 907o, while the percent beta structure decreases to nearly
zero. This abrupt decrease to near zero at pH 8.0 is followed by
an increase in the percent beta structure to approximately 23%
at pH 8.5.
The percent random conformation is small at pH 6.0,
approximately 10%, but rises rapidly to approximately 39% at
pH 6.5. It thereafter decreases gradually to 307o at pH 7.0,
and decreases abruptly to nearly zero at pH 7.5 and 8.0. At pH
8.5 there is a rapid increase in the percent random conformation
to a maximum of approximately 45% random conformation.
The computer program, MAGIC, used in analysis has been used
to test for convergence, divergence, and the presence of more
than a single 'best fit' to sets of experimental data. By gene¬
rating all curve fittings resulting from all integral combina¬
tions of the percentages of alpha helix, beta sheet structure,
and random coil conformations it has been shown that the
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calculated curve fittings converge to give a single best fit.
The negative values reported then become physically significant
To a first approximation, each negative value is zero percent
in physical reality while the values of the remaining two
parameters are increased or decreased by an amotmt equal to one
half of the absolute value of the parameter having a negative
value. As an example, at pH 7.5 and 22°C, MAGIC interprets the
experimental data as conforming to a 59% alpha helix, 46% beta
sheet, and -5% random conformation. Applying the above inter¬
pretation to this data produces a 56 ± 2.5% alpha helix, 43.5
± 2.5% beta sheet, and 0% random conformation.
Conformational percentages referred to earlier as being
approximate, when considered as a function of pH, were obtained
by calculating the arithmetic average of the percent of a con¬
formation present at the three temperatures studied.
B. The Effect of Substrate, Fructose 1,6-Diphosphate, and
Allosteric Inhibitor, Adenosine 5'-Monophosphate on the
Conformation of Fructose 1,6-Diphosphatase
The percent of the enzyme fructose 1,6-diphosphatase
CFDPase) present as alpha helix is essentially constant in the
presence of the substrate fructose 1,6-diphosphate (FDP), the
inhibitor adenosine 5'-monophosphate (AMP), and combinations of
the inhibitor and substrate (FDP/AMP) . The percent of beta
structure is constant at zero percent under similar conditions
as described for the percent alpha helix. The percent of
random coil conformation present is essentially constant. It
is, however, very large—approximately 90% (see Table 3).
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Table 3. Conformational Changes in Fructose 1,6-Diphosphatase
(FDPase) as a Function of Substrate (FDP) and an
Allosteric Inhibitor (AMP)
FDPase/FDP FDPase/AMP FDPase/AMP/FDP
% Alpha 12 10 10
% Beta 0 0 0
% Random 88 90 90
DISCUSSION
The results of experiments conducted show that the enzyme
fructose 1,6-diphosphatase contains definite ordered segments
in its secondary structure. The conformation assumed by the
enzyme is largely pH dependent though subtle changes in its
conformation occur with small changes in temperature.
Fructose 1,6-diphosphatase xmdergoes large conformational
changes in the presence of either its substrate, inhibitor, or
a substrate-inhibitor complex. At pH 7.0 and 22^0, FDPase
exists as 29% alpha helix, 43% beta sheet structure, and 28%
random conformation. In the presence of fructose 1,6-diphos-
phate, FDPase exists as 12% alpha helix, 07o beta sheet structure,
and 88% random conformation. The conformation assxmied by the
enz3niie is very similar in the presence of the allosteric
inhibitor, AMP, and a combination of the inhibitor and the sub¬
strate. Under these conditions, FDPase contains 10% alpha helix,
0% beta sheet structure, and 887o random conformation. The
variation in the experimental temperature from 22° to 25°C is
not likely to have caused such large conformational changes.
The data in Table 2 show that conformational changes in the
enzyme are not overly temperature dependent in the pH 7.0
region.
By analyzing the CD spectra of the inhibitor, AMP, and
that of the substrate, fructose 1,6-diphosphate, it has been
determined that neither makes a significant contribution to the
25
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CD spectrxam of the enzyme.
The CD spectrum of a protein whose secondary structure
is well known from x-ray diffraction studies was analyzed
with MAGIC to determine the program's accuracy. The confor¬
mation of the protein selected, lysozyme, as determined by
MAGIC, agrees well with the results of x-ray diffraction
studies of lysozyme. X-ray diffraction shows that lysozyme
contains 297o alpha-helix, 11% beta sheet structure, and 60%
random conformation. The MAGIC analysis of lysozyme's CD
spectrxam shows that lysozyme contains 33% alpha helix, 127o
beta sheet structure, and 55% random conformation. The agree¬
ment between the results of x-ray diffraction and those of the
MAGIC analysis is good.
The enzyme, fructose 1,6-diphosphatase^ asstimes a confor¬
mation containing large amounts of random conformation in the
presence of the substrate and the inhibitor. It would be use¬
ful to know if the amount of random coil conformation present
is an accurate indication of the activity of the enzyme. A
study of the enzyme's activity at the pH and temperatures of
Table 2 would be helpful in defining this aspect of the enzyme's
structure-activity relationship.
Appendix I. Computer Program to Calculate Secondary Structure from CD Measurements





























11 WRITE (5,26) PALPH












DO 50 J = 1,11
SS(J) =0.0
DO 30 I = 1,N
SUM(K) = PALPH*ALPHA(I) t PBETA*BETA(I) t PRC*RC(I)
30 SS(J) • SS(J) t (Y(I)-SUM(I))**2
IF (XMIN-SS(J)) 15,16,16
16 XMIN = SS(J)
VAL = PBETA
15 CONTINUE











78 PRC - PRC t (PNET/10.0)
75 PNET = 2*(PNET/10.0)
IF (XMIN-BMIN) 17,17,85 o








DO 40 I = 1,N
Appendix 1. (Continued)






DO 899 I = 1,N
BSUM(I) = BSUM(I)/100.0
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